/INTERNA Tl """'^aKS—. W 



B01J 20/20, 39/24, 4]/18 



Al 



(2D In.erna.iona! Application Number: PCT7US97/08859 
(22) International Filing Dme: 5 June !997 (05.06.97) 



(U) International Publication Number: WO 97/47382* 

«^™^ 18 December ,997 (18,2.97; 



(30) Priority Data: 
08/663.709 



14 June 1996 (14.06.96) 



US 



(US). MENaTh T^ee,' 6 ^feSS"? i™- 87106 
MA 02173 (US). Road ' Lex ">g«>n, 

(74) Agent: CAIRNS, James A ■ r-,h„, r 

Road, PO Bo, 7001 B,'i £ Corporator, 157 Concord 
yj- box /ooi, Billenca. MA 01821-7001 (US). 



PR. GB. OR, IE. IT. tltt^Tqr pr^rJ?^-, ^ 

(bp, bj, CF . cg. ci, cm: S: ^s: i 

i 

Published : _j 

WW international search] report. 



L 



^^^^^^ 



20r 



-^©—Unmodified 

ModJNed, Na+form 
T~ M °di«6d ( Kf form 
m *Modlfeied. Ll+form 




01 02 0-3 0.4 0.5 0.6 0.7 



0.8 0,9 



(57) Abstract 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on 



AJL 

AM 

AT 

AU 

AZ 

BA 

BB 

BE 

BF 

BG 

BJ 

BR 

BV 

CA 

CF 

CG 

CH 

CI 

CM 

CN 

cu 
cz 

DE 
DK 
EE 



Albania 

Armenia 

Austria 

Australia 

Azerbaijan 

Bosnia and Herzegovina 

Bi/badoj 

Belgium 

Burkina Fuo 

Bulgaria 

Benin 

Brazil 

Belarut 

Canada 

Central African Republic 

Congo 

Switzerland 

Cote d'lvoire 

Cameroon 

China 

Cub* 

Czech Republic 
Germany 
Denmark 
Estonia 



ES 

FI 

FR 

GA 

GB 

GE 

CH 

GN 

GR 

HU 

IE 

IL 

IS 

IT 

JP 

KE 

KG 

KP 

KR 

KZ 

LC 

LI 

LK 

LR 



Spain 
Finland 
France 
Gabon 

United Kingdom 

Georgia 

Ghana 

Guinea 

Greece 

Hungary 

Ireland 

Uriel 

Iceland 

Italy 

Japan 

Kenya 

Kyrgyzstan 

Democratic People's 

Republic of Korea 

Republic of Korea 

Kazakstan 

Saint Lucia 

Liechtenstein 

Sri Lanka 

Liberia 



ihe front pages of pamphlets publishing international applications under the PCT. 



LS Lesotho 
LT Lithuania 
LU 

Luxembourg 

LV Latv ia 

MC Monaco 

MD Republic of Moldova 

MG Madagascar 

MK The former Yugoslav 
Republic of Macedonia 

ML Mali 

MN Mongolia 

MR Mauritania 

MW Malawi 

MX Mexico 

NE Niger 

NL Netherlands 

NO Norway 

NZ New Zealand 

PL Poland 

PT Portugal 

RO Romania 

RU Russian Federation 

SO Sudan 

SE Sweden 

SC Singapore 



SI 


Slovenia 


SK 


Slovakia 


SN 


Senegal 


sz 


Swaziland 


TD 


Chad 


TG 


Togo 


TJ 


Tajikistan 


TM 


Turkmen man 


TR 


Turkey 


TT 


Trinidad and Toba 


UA 


Ukraine 


UG 


Uganda 


US 


United States of Ar 


uz 


Uzbekistan 


VN 


Vict Nam 


YU 


Yugoslavia 


zw 


Zimbabwe 



V\u -J ■ 4':j>S2 FCT/LS97,U8S5y 

-1- 

MODIFIED CARBON ADSORBENTS AND PROCESSES FOR 
ADSORPTION USING THE SAME 

FIELD OF THE INVENTION 

This invention relates to carbon adsorbents made from modified carbonaceous materials and also 
relates to a method of using these adsorbents, including a method to increase the adsorption capacity 
and/or alter the adsorption affinity of carbonaceous materials capable of adsorbing an adsorbate. 

BACKGROUND OF THE INVENTION 

Adsorption is an important operation in many industrial processes. The effectiveness of an 
adsorbent depends, primarily, on its surface area, pore structure, and surface chemistry. The nature of 
the adsorbate which is to be adsorbed frequently dictates the chemical nature of the adsorbent. For 
example, carbonaceous adsorbents are often used to selectively remove organic compounds from liquid, 
gaseous, or vapor media. Silica and alumina based adsorbents are employed to selectively adsorb polar 
adsorbates such as water, ammonia, and the like from similar media. 

The efficacy of an adsorbent for a particular application is usually determined by the adsorption 
capacity and selectivity of the adsorbent for the adsorbate in question. The adsorption capacity may be 
measured per unit mass or per unit volume of the adsorbent. In general, the higher the adsorption 
capacity and selectivity of an adsorbent for a particular adsorbate, the more useful it is, since less of the 
adsorbent has to be used to effect the same removal of the adsorbate. 

Carbonaceous materials, such as activated carbon, carbon black, and the like, represent an 

important class of adsorbents which are used in many fields such as separation, purification, and waste 

treatment, among others. Because of their widespread use, any method for improving the adsorption 

properties of carbonaceous adsorbents for a particular adsorbate can have a large impact on the efficacy 

and economy of the processes utilizing them. Therefore, attempts have been made in the past to modify 

the surface chemistry of carbonaceous adsorbents. The methods employed for their modification can be 

broadly classified into physical and chemical means. In surface modification by physical means, a 

species is deposited on the surface of the carbonaceous adsorbent to form a layer which then changes its 
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adsorption propen.es. However, such modification techniques have limited utility because the deposited 
layer ,s easily removed. In surface modification by chemical means, the modifying species is attached 
to the carbon surface by a chemical bonding mechanism. 

The characteristics of the adsorption isotherm, representing the relationship between the extent 
of adsorption and adsorbate concentration or adsorbate partial pressure at a fixed temperature, is also 
of importance. As described by Sircar et al. in "Activated Carbon for Gas Separation and Storage," 
Carbon, Vol. 34, No. 1, pp. M2 (1996). the characteristics of the preferred adsorption isotherm will 
depend on the separation process being employed. For example, in cases where adsorbent regeneration 
is effected by a pressure swing, the preferred adsorbent is one with a moderate affinity for the adsorbate 
When the adsorbate is strongly adsorbed, that is, when it has a strong affinity for the adsorbent, 
regeneration becomes difficult and energy intensive. On the other hand, when the adsorbent exhibits a 
weak affinity for the adsorbate. it has a small adsorption capacity at low adsorbent partial pressures and, 
hence, the adsorption mass transfer zone becomes very long. Thus, the availability of a method for 
altering the affinity of an adsorbent for an adsorbate is advantageous. 

Thus, any method for increasing the adsorption capacity and/or modifying the adsorption affinity 
of the adsorbent enhances its usefulness in adsorption applications. As already noted, chemical 
modification can be used to alter the adsorptive properties of carbonaceous adsorbents. The range of 
chemical species which can be attached, however, is limited. 

Bansal. Donnet and Stoeckli (in Chapter 5 of Active Carbon, Marcel Dekker, Inc., 1988) have 
reviewed different techniques of carbon surface modification. Physical impregnation methods are 
described, as are methods that rely on chemical reactions with various species to modify the surface of 
the carbon. Some of the chemical surface modification techniques described by Bansal et al. are 
oxidation, halogenation. sulfonate, and ammoniation. Several of these techniques require treatmen, 
of the carbon at elevated temperatures. Another technique involving oxidation of the carbon with HN0 3 
in the presence of a catalyst, has been described by Sircar and Golden (U.S. Patent No. 4.702.749). 
However, these techniques have certain disadvantages apparent to those familiar with the field. 
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In v,ew of .he hrm.ed ullllIy of chcm , cal m£ms of modify . ng surfac£s ^ £arbonaceous 
•dsorbems, .here s,„l ls a need ,„ d e„e,„ p modif , ed carbo „ ad!or „ enB preferably ^ 
adsorption capacity over the unmodified material. 

SUMMARY OF T flE INVFNTrr>NJ 
To achieve these and other advantages and in accordance with the purposes of the present 
invention, as embodied and broad,y described herein, the present invents relates to an adsorbent 
composition containing a modified carbonaceous material capable of adsorbing an adsorbate. 

Another embodiment of the present invention reia.es to a method to increase the adsorption 
capacity of a carbonaceous matenal capable of adsorbing an adsorbate or altering the adsorption isotherm 
of the adsorbate on the adsorbent, for instance, to allow an easier regeneration of the adsorbent. In this 
method, at least one organic group capable of increasing the adsorption capacity of a carbonaceous 
material is attached to the carbonaceous material. 

The present invention, ,n addition, relates to a method of adsorbing an adsorbate and includes 
the step of contacting the adsorbate with a carbonaceous material wh,ch has been modified by attaching 
an organic group. The modified carbonaceous matenal i, capable of adsorbing the adsorbate and at leas, 
one organic group is attached to the carbonaceous material. 

Additional features and advantages of the present invention will be set forth ,n part ,n the 
description which fol.ows, and in pan will be apparent from the description, or may be learned by 
practice of the present invention. The objectives and other advantages of the present invention will be 
realized and attained by means of the elements and combinations pan.cuiarly pointed out in the written 
description and appended claims. 

It is .0 be understood that both the forego.ng general description and the following detailed 
description are exemplary and expianatory only and are intended to provide ftirther explanation of the 
present invention, as claimed. 

The accompany,,,,, f lgures , which are iKOIporated ^ ^ % ^ ^ ^ 

itam. .vera, embedment of ,he presen, ,„„e„„o„ and ,o g e,he, „* , h e de,c t ,p„„„. serve „ „ pl a,„ 
the principles of the present invention 
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BRIEF DESCRIP TION OF THF DRAWINGS 

Figure 1 is a graph plotting the amount of water adsorption on modified and unmodified carbon 

black. 

Figure 2 is a graph plotting the amount of water adsorption on modified and unmodified activated 

carbon. 

Figure 3 i, a graph plotting the amount of water adsorption on modified and unmodified carbon 
black per unit surface area. 

Figure 4 is a graph plotting the amount of water adsorption on modified and unmodified activated 

carbon per unit surface area. 

Figure 5 is a graph plotting the amount of C0 2 adsorption on modified and unmodified carbon 
black at 273 K. 

DETAILED DESCRIPTION QF THF. PRR^NT INVENTION 

In further detail, an adsorbent composite of the present invention contains a modified 
carbonaceous materia, capable of adsorbing an adsorbate wherem at least one organic group is attached 
to the carbonaceous material. 

The carbonaceous material capable of adsorbing an adsorbate includes, but is not limited to, 
activated carbon, carbon black, or other carbonaceous materia, obtained by the pyrolys.s of cellulos.c, 
fuel oil, polymeric, or other precursors. This includes carbonaceous material which is a waste product 
or by-product. Preferably, the carbonaceous materia. ,s activated carbon or carbon black capab.e of 
adsorbing an adsorbate. Commercial examples of carbon black include, but are not limited to, B.ack 
Pearls7 2000 carbon black, Black Pearl S 7 430 carbon black, Black Pearls7 900 carbon black, 
and Black P e ar.s7 ,20 carbon black, all available from Cabot Corporation. Commercial 
examples of activated carbon include Darco S51, available from Norit; Sorbonorit 3, available 
from Norit; and BPL activated carbon from Calgon. The carbonaceous material modified by 
the procedures described herein may be a microporous 0r mesoporous activated carbon in 
granular or pellet form; a carbon black of different structures in fluffy or pelIeted f orrn; or anv 

other carbonaceous material whose applicab,ln y to this invention is apparent to those skilled 
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in the art, such as carbon fibers or carbon cloth. The choice of carbonaceous material used 
eventually depends on a variety of different factors, including the application for which it is 
intended. Each of these types of carbonaceous material has the ability to adsorb at least one 
adsorbate. A variety of BET surface areas, micropore volumes, and total pore volumes are 
available depending on the desired end use of the carbonaceous material. 

Carbonaceous materials include, but are not limited to, material obtained by the 
compaction of small carbon panicles and other finely divided forms of carbon as long as the 
carbon has the ability to adsorb at least one adsorbate and is capable of being chemically 
modified in accordance with the present invention. 

The carbonaceous material described above ,s then modified by the attachment of an 
organic group to the carbonaceous material. Preferred processes for attaching an organic 
group to a carbonaceous material are described in detail in U.S. Patent Application 
No, 08/356,660, 08/572,525, 08/356,459, and 08/356,653, all incorporated in their entirety 
by reference herein. These processes can be preferably used in preparing the modified carbon 
adsorbents of the present invention and permit the attachment of an organic group to the 
carbonaceous material via a chemical reaction. As indicated above, the organic group attached 
to the carbonaceous material is one preferably capable of increasing the adsorption capacity 
of the carbonaceous material. 

A preferred process for attaching an organic group to the carbonaceous materials 
involves the reaction of at least one diazonium salt with a carbonaceous material in the 
absence of an externally applied current sufficient to reduce the diazonium salt. That is, the 
reaction between the diazonium salt and the carbonaceous material proceeds without an 
external source of electrons sufficient to reduce the diazonium salt. Mixtures of different 
diazonium salts may be used. This process can be carried out under a variety of react.on 
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conduions and ■„ anv type of reacon medium, inching both pro„c M d aprotic solven, 

systems or slurries. 

In another preferred process, at least one diazonium salt reacts with a carbonaceous 
material in a protic reaction medium. Mixtures of different diazonium salts may be used in 
this process. Thus process can also be carried out under a variety of reaction conditions. 

Preferably, in both processes, the diazonium salt is formed /* situ. If desired, m either 
process, the modified carbonaceous material can be isolated and dried by means known in the 
art. Furthermore, the modified carbonaceous material can be treated to remove impurities by 
known techniques. The various preferred embodiments of these processes are discussed 
below. 

The processes can be carried out under a wide variety of conditions and in general are 
not limited by any particular condition. The reaction conditions must be such that the 
particular diazonium salt is sufficiently stable to allow it to react with the carbonaceous 
material. Thus, the processes can be carried out under reaction conditions where the 
diazonium salt is short lived. The reaction between the diazonium salt and the carbonaceous 
materia! occurs, for example, over a wide range of pH and temperature. The processes can 
be carried out at acidic, neutral, and basic P H. Preferably, the P H ranges from about 1 to 9. 
The reaction temperature may preferably range from 0°C to 100°C 

Diazomum salts, as known in the art, may be formed for example by the reaction of 
Primary amines with aqueous solutions of nitrous acid. A genera] discussion of diazomum 
salts and methods for their preparation is found in Morrison and Boyd, Or^ar^Che^ 
5th Ed„ pp. 973-983, (Allyn and Bacon, Inc. 1987) and March, Ad^dJ^^ 
Eeactions^ Mechanisms and Stmrtnr,- , 4th Ed., (Wiley, , 992 ). According to this invention, 

a diazonium salt is an organic compound h~ : -, * ^ a> 

b cumpuuna n^vuifc ^.c z: more diazonium groups. 
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The d^™ sa „ may be prepared pnor M reacuon ^ ^ 

— y handllng 0f manipula „ on Qf dj _ wm ^ h ^ ^ 
Proves, b „, h ^ „ ltrous acld wd lhe ^ ^ ^ ^ ^ 

isoamylnitrite or ethvlnitriT^ tk„ -j 

Mmtnte. The acd may be any acid, .organic or organ,, which ,s 

effective m the generation of the diazonium salt Prefer^ n • ■ ■ , , 

salt. Preferred acios include nitric acid HNO 

hydrochloric acid, HC1, and sulfuric acid. H 2 S0 4 . 

a^eous solut.on of nitrogen dl0Xlde . Thg ^ ^ ^ ^ ^ ^ ^ 
Provides the nurous acid needed to generate the diazonium salt. 

other alternatives because HC1 is corrosive to stainless steel r ■ , 

stamiess steel. Generation of the diazonium salt 
with NO/H 2 0 has the additional advantage of bein, i, 

antage of being less corros.ve to stainless steel or other 

metals commonly used for reaction vessek 

vessels. Generat IO n using H : S0 4 /NaNO : or HNO,/NaNa 

are also relatively non-corrosive. 
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acid or up to one equivalent of additional acid is added to a process of the invention to 
generate the diazonium salt in suu. A slight excess of additional acid may be used. One 
example of such a primary amine is para-ammobenzenesulfonic acid (sulfanilic acid). 

In general, diazonium salts are thermally unstable. They are typically prepared in 
solution at low temperatures, such as 0-5'C, and used without isolation of the salt. Heating 
solutions of some diazonium salts may liberate nitrogen and form either the corresponding 
alcohols in acidic media or the organic free radicals in basic media. 

However, the diazonium salt need only be sufficiently stable to allow reaction with the 
carbonaceous material. Thus, the processes can be carried out with some diazonium salts 
otherwise considered to be unstable and subject to decomposition. Some decomposition 
processes may compete with the reaction between the carbonaceous material and the 
diazonium salt and may reduce the total number of organic groups attached to the 
carbonaceous material. Further, the reaction may be carried out at elevated temperatures 
where many diazonium salts may be susceptible to decomposition. Elevated temperatures may 
also advantageously increase the solubility of the diazonium salt in the reaction medium and 
improve its handling during the process. However, elevated temperatures may result in some 
loss of the diazonium salt due to other decomposition processes. 

Reagents can be added to form the diazonium salt in situ, to a suspension of 
carbonaceous material in the reaction medium, for example, water. Thus, a carbonaceous 
material suspension to be used may already contain one or more reagents to generate the 
diazonium salt and the process accomplished by adding the remaining reagents. 

Reactions to form a diazonium salt are compatible with a large variety of functional 
groups commonly found on organic compounds. Thus, only the availability of a diazonium 
salt for reaction with a carbonaceous materia! limits the processes of the invention. 
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Th. m b e camed out ,„ a „ y react|M medium wwch a]|ows ^ ^ 

- , d te c — « „ pr0Med . Preferably , the raciion 

or so ,_ Prouc solvews „. ^ |te _ ^ ^ ■ 

(THF), acetomtnle, and benzonitrile. For a discussion of • , 

dlSCUSSIOn 0f P rotlc «d aprotic solvents see 
— - Bo yd , 5lh £d , pp 228 . 23ii <A|]yn ^ Bacm ^ i9s7> 

™= ^ beIwen . dia20njlm sa]I ^ a carboMccous ^ ^ ^ ^ 

tor ^ MM0US materla , pellets For examplei a carbonaw ^ 0 

— - - h a drum by spray , ne . solu ,, on m ^ a diazonta 

- on.o a ca , bonKeous maKnaL A1 , eraai;ve]yi ^ aA<mm ^ ^ ^ ^ 

by P e„e tl2 ,„ 6 . carb „ materia| ,„ _ ^ a soiv£m ^ ^ ^ 

7 s so1 ™ sy - - — ■ — • - ~ ^ bv ; 

may be undesirable S^wrai ™n -ui 

• Severa, po s slbl e ways t0 produK . ^ 

wuhou, „™ amed morganjc by . products Qr sahs ^ ^ ^ 
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First, the diazonium salt can be purified before use by removing the unwanted 
inorgan 1C by-product u Sing means known in the an. Second, the diazonium salt can be 
generated with the use of an organic nitrite as the diazotization agent yielding the 
corresponding alcohol rather than an inorganic salt. Third, when the diazonium salt is 
generated from an amine having an acid group and aqueous N0 2 , no inorganic salts are 
formed. Other ways may be known to those of skill in the art. 

In addition to the inorganic by-products, the process may also produce organic 
by-products. They can be removed, for example, by extraction With organic solvents. Other 
ways of obtaining products without unwarranted organic by-products may be known to those 
of skill in the art, and include washing or removal of ,ons by reverse osmosis. 

The reaction between a diazonium salt and a carbonaceous material forms a 
carbonaceous material product hav.ng an organic group attached to the carbonaceous material. 
The diazonium salt may contain the organic group to be attached to the carbonaceous material. 
It may be possible to produce the carbonaceous material products of this invention by other 
means known to those skilled in the an. 

The organic group may be an aliphatic group, a cyclic organic group, or an organic 
compound having an aliphatic ponion and a cyclic portion. As discussed above, the 
diazonium salt emp.oyed can be derived from a primary amine having one of these groups and 
being capable of forming, even transiently, a diazonium salt. The organic group may be 
substituted or unsubstituted, branched or unbranched. Aliphatic groups include, for example, 
groups derived from alkanes, alkenes, alcohols, ethers, aldehydes, ketones, carboxyl.c acids, 
and carbohydrates. Cyclic organic groups include, but are not limited to, alicyclic hydrocarbon 
groups ifor example, cvcloalkyls, cycloalkenyls). heterocyclic hydrocarbon groups (for 
example, pyrrolidine pyrrol.nyl, piperidinyl, morpholinyl, and the like), aryl groups (for 
example, phenyl, naphthyl, anthracenyl, and the like), and heteroaryl groups (imidazo.vl, 
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pyrazolyl, pyridmyl, thienyl, thiazolyl, furyl, indolyl, and the like). As the stenc hmderance 
of a substituted organic group increases, the ntimber of organic groups attached to the 
carbonaceous material from the reaction between the diazon.um salt and the carbonaceous 
material may be diminished. 

When the organic group is substituted, it may contain any functional group compatible 
with the formation of a diazonium salt. Functional groups include, but are not limited to, R, 
OR, COR, COOR. OCOR, carboxylate salts such as COOL,, COONa, COOK, COCWR/, 
halogen, CN, NR 2l S0 3 H, sulfonate salts such as S0 3 Li, S0 3 Na, S0 3 K, SO^R/, OSO,H, 
OS0 3 salts, NR(COR), CONR 2 , N0 2 , P0 3 H 2 , phosphonate salts such as P0 3 HNa and PO.Na, 
phosphate salts such as OP0 3 HNa and OP0 3 Na 2) N=NR, NR 3 *X', PR/X", S k R, SS0 3 H, SSO { 
salts, S0 2 NRR', S0 2 SR, SNRR', SNQ, S0 2 NQ, C0 2 NQ, S-(l,4-pip eraZ inediyl)-SR, 2-(l,3- 
dithianyl) 2-(l,3-dithioIanyl), SOR, and S0 2 R. R and R', which can be the same or different, 
are independently hydrogen, branched or unbranched C,-C 2U substituted or unsubsntuted, 
saturated or unsaturated hydrocarbon, e.g., alkyl, alkenyl, alkynyl, substituted or unsubsntuted 
aryl, substituted or unsubstituted heteroaryl, substituted or unsubstituted alkylary], or 
substituted or unsubstituted arylalkyl. The integer k ranges from 1-8 and preferably from 2-4. 
The anion X" is a halide or an anion derived from a mineral or organic acid. Q is <CH 2 )., 
(CH 2 )ACH 2)z . (CH 2 ),NR(CH,)„ or (CH^CH,),. where w ,s an integer from 2 ,o 6 and x 
and z are integers from 1 to 6. In the above formula, specific examples of R and R' are NH 2 - 
C 6 H 4 -, CH 2 CH : -QH,-NH 2 , CH 2 -C 6 H 4 -NH 2 , and C 6 H 5 . 

Another example of an organic group is an aromatic group of the formula A y Ar-, which 
corresponds to a primary amme of the formula A y ArNH, In this formula, the variables have 
the following meanings: Ar is an aromatic radical such as an aryl or heteroaryl group. Ar can 
be selected from the group consisting of phenyl, naphthyl, amhracenyl, phenanthrenyl. 
biphenyl, pyridmyl, benzothiadi«olyl, and benzothiazolyl; A is a subsutuent on the aromatic 
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radical independently selected from a preferred functional group described above or A is a 
linear, branched or cyclic hydrocarbon radical (preferabiy con.aimng , 10 20 carbon a.oms,, 
unsubsututed or substttuted wrth one or more of , hose functional groups; and y ,s an lnt eger 
from 1 «o the tota, number of -CH rad.cals in the aromatic radical For instance, y ,s an 
■nteger from 1 ,„ 5 when Ar is pheny,, 1 ,o 7 when Ar is naphthy,, , ,„ , whe „ M ls 
anthracenyl. phenanthrenyl. or biphenyl, or 1 to 4 when Ar is pyridinyi. 

Another set of organic groups which may be attached to the carbonaceous matena, are 
organ, groups substttuted w,,h an ionic or an .oruzable group as a funcona, group. An 
ionizable group ,s one wh.ch ,s capabie of forming an ,„„,c group in the medium „f US e. The 
ionic group may be an amonic group or a canonic group m d the ,o„izab,e group may form 
an anion or a cation. 

lon.zable funcona. groups forming amons inciude, for example, acidic groups or salts 
of acidic groups. The organic groups, therefore, include groups derived from organic acids. 
Preferably, when i, contams an ionizabie group formtng an anion, such an organic group has 
a) art aromatic group „r a C, C]I a, M group and b, a, leas, one acidic group having . pKa 
of less than I ,, „ r a , least one sa „ of a „ ac|d]c group ^ ^ ^ ^ ^ ^ 

mixture of a, leas, one acdic group having a p Ka of less ,h M „ tmd at leas, one sal, of a „ 
addle group having a pKa of less than , 1 . The pKa of the acid.c group refers to the pKa of 
the organic group as a whole, not jus, the acidic substituent. More preferabiy, the pKa is less 
Vhan ,0 and most preferably less 9. Preferably, me aromatic group or the C,-C r alkvl 
group of the organtc group is d.rectly attached to the carbonaceous materia,. The aromatic 
group may be funher substituted or unsubst.tuted, for example, with alkyl groups. The 

group, a sulfimc acd group, a phosphonic acid group, or a carboxylic acid group. Examples 

of these ac,d,c groups a,d their salts are discussed above. The organ, group can be a 
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° F mSUbS " m,ed SU ' foph ^' « • «* ta=of; a substituted 0 r msubstltuKd 
(po, y su,fo, P he„ yI group or . sait Amo[; a subs . tuKd or , twed su|& ^ ^ 

or a 1, thereof; 0 r . substltMed or (polysu , fo)naphthyl ^ w a thweof 

An example of a substttuted su,fo P hen y , group is hy drox y sulfo P he» y , group oj , ^ ^ 
Specific organic groups having an ioaizable fu , c , iona| grQup ^ ^ ^ ^ 
•heir corresponding pr ,mar y mincs for use ; „ , ^ ^ ^ ^ ^ 

su,fo P hen y , (p. sulfanilic acid) , 4.h y dro* y -3.su,fophe„ y , P-hydroxv-S-ammo-benzenesutfontc 
acid), and 2-su,foeth y l (2-aminoethanesuIfonic acid). 

Ammes represent examples of ionizable tationa, groups that fom catjonIC grQups 
For examp.e, ™„es may bc protonaKd ,„ fom ^ ^ ^ 

Preferab, y . an organic group havtng an ^ substltuOT has , pRb of ^ ^ 5 
Quaternary ammonium g roups ( . NR - } and qmy phosphomum groups ^ ^ 
represent exam P ,es of cation.c grou ps The organtc group ca „ contain „ ^ ^ ^ 
as a phen y , „ r a naph,h yl group and a cuaremarv ionium or . 

group. The aromatic group ,s pref=rab, y directly attached to the carbonaceous matenai 
Quatemized c y Cic amines, and even itemized ^ „ ^ be us£d ^ ^ 

organic group Thus, N-substituted Py ridi»,um compounds, such as N.me<h y l- Pyri d yl , can be 
used ,„ this regard Exam P ,es of orga„,c gro„ ps ,„c,„de, bul are „„, ^ ^ 
(C.H.NJC.H.-X, C,H.mc,H,,-X, WOOWCHAX. 

(C ! H.N)CH J -X-. and C.H.CH.NCCH.yX', where X' ts a hai.de or an anton derived from a 

mineral or organic acid . 

Aromatic su,fides encompass another group of organic groups. These aromat.c su.fides 

can be represented b y the formuias MCH^CH^ or A-fCH^VCH^r" where.n Ar 

and Ar' are independent,, subsututed or unsubstituted aryiene or heteroar y ,e„e groups, Ar'' 

is an arvl or heteroary, gr0 u P , k is , to 8 and o and r are 0-4. Substituted ar,, groups wouid 
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include substituted alkylaryl groups. Examples of arylene groups include phenylene groups, 
particularly p-phenylene groups, or benzothiazolylene groups. Aryl groups include phenyl, 
naphthyl and benzothiazolyl. The number of sulfurs present, defined by k preferably ranges 
from 2 to 4. Examples of carbonaceous material products are those having an attached 
aromatic sulfide organic group of the formula -(C 6 H 4 )-S k -(C 6 H 4 )-, where k is an integer from 
1 to 8, and more preferably where k ranges from 2 to 4. Other examples of aromatic sulfide 
groups are bis-para-(C 6 H 4 )-S 2 -(C 6 H 4 )- and P ara-(C 6 H 4 )-S 2 -(C 6 H 5 ). The diazonium salts of these 
aromatic sulfide groups may be conveniently prepared from their corresponding primary 
amines, H 2 N-Ar-S k -Ar'-NH, or H 2 N-Ar-S k -Ar". Groups include dithiodi-4,1 -phenylene, 
tetrathiodi-4,1 -phenylene, phenyld.thiophenylene, dithiodi-4.1-(3-chlorophenylene), -(4-C„H 4 > 
S-S-(2-C 7 H 4 NS), -(4-C 6 H 4 )-S-S-(4-C 6 H,)-OH, -6-(2-C 7 H 3 NS)-SH, -(4-C 6 H 4 )-CH 2 CH 2 -S-S- 
CH 2 CH 2 -(4-C 6 H 4 )-, -(4-C 6 H 4 )-CH 2 CH 2 -S-S-S-CH 2 CH 2 -(4-C 6 H 4 )-,-(2-C 6 H 4 )-S-S-(2-C 6 H 4 )-, -(3- 
C 6 H 4 )-S-S-f3-C 6 H 4 )-, -6-(C 6 H 3 N 2 S),-6-(2-C 7 H 3 NS)-S-NRR' where RR' is -CHXH.OCH.CH,-, 
-(4-C 6 H 4 )-S-S-S-S-(4-C 6 H 4 )-, -(4-C 6 H 4 )-CH=CH 2 , -(4-C 6 H 4 .)-S-S0 3 H, -(4-C 6 H 4 )-S0 2 NH-(4- 

C 6 H 4 )-S-S-(4-C 6 H 4 )-NHS0 2 -(4-C 6 H 4 )-,-6-(:2-C 7 H 3 NS)-S-S-2-(6-C 7 H 3 NS)-,-(4-C 6 H 4 )-S-CH 2 -(4- 
C « H <>. -H-C.HJ-SO.-S^-^ 

C 6 H 4 )-, -(4-C 6 H 4 )-CH 2 -S-S-CH 2 -(4-C 6 H 4 K -(3-C 6 H 4 )-CH 2 -S-S-CH 2 -(3-C 6 H 4 )-, -(4-C 6 H 4 )-S- 
NRR\ where RR' is -CH 2 CH 2 OCH 2 CH 2 -, -(4-C 6 H 4 )-S0 2 NH-CH 2 CH 2 -S-S-CH 2 CH 2 -NHS0 2 -(4- 
C 6 H 4 )-, -(4-C 6 H 4 )-2-(l,3-dithianyl), and -(4-C 6 H 4 )-S-(l,4-piperizinediyl)-S-(4-C 6 H 4 )-. 

Another set of organic groups which may be attached to the carbonaceous material are 
organic groups having an aminophenyl, such as (C 6 H 4 )-NH 2 , (C 6 H 4 )-CH 2 -(C 6 HJ-NH 2 , (C 6 H 4 )- 
S0 2 -(QH 4 .)-NH 2 . 

Any one or more of these organic groups, after attachment to the carbonaceous material 

which permits adsorption ap^ ^.f^ui,, n „ ir ,™,.. ; „ . . „ 

r • a -' in'-. ease :r. .he adsorption capacity of the 

carbonaceous material may be used in the present invention. 
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Preferably, «h= orgamc group anached t0 the carbMaceous ]s ^ ^ ^ 

or a sal, of an acid or base , Md ^ ^ ^ ^ ^ ^ ^ 
^ruents ,*e suifonic acid. and ^ add ^ ammomum ^ ^ ^ 
Most preferred organic groups anached , o ^ carbonacMus materjai ^ 
(C.H.,.S 0) K-, (WU-. «, the lik e. Generally. . aci , type organic ^ 

will be useful in adsorbing basic adsorbates while a base tvne „ ■ 

wrnie a base-type organic group attachment will 

be useful in adsorbing acidic adsorbates. 

A combination of different organic groups ,s possibie. For instance, i, is „„„,„ the 

-bonaceous materia, or use a combination of carbonaceous materia,, wherein some of the 

modification are a,so poss,,e, such as ,ow „ e , g h, percent or surface area modification, or a 
** weigh, percent or surface area modification. A ,so, m , XIUres of mod ,„ ed 
material and unmodified carbonaceous material can be used. 

Preferably, the modified carbonaceous materials of the present invention, especailv 
^ MaChed ^ * ' ^' - naphthy, group having 

-.fontc acd. carboxylic acid, or q „ a ,„„a r y ammomum or salts thereof, can be direct, 

analogous to polymeric ion exc^anpe r^inc tu 

exchange resins. These types of carbonaceous materials of the 

present invention can have one or more of th. f ,. • 

more of the following properties as compared to 

conventional polymeric ion exchangers: 

a ) higher temperature stability; 

b ) greater resistance to swelling; and 

«> neater mechanic., strength without adversely affecting uptake k me„ cs 
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Furthermore, the modified carbonaceous materials of the present invention, besides 
being used as adsorbents, can also be used m separations ranging from water treatment to 
metals separation/recovery, ion exchange, catalysis, and the like. An additional advantage of 
an adsorbent possessing exchangeable groups as described above is that it confers on the 
material the ability to be further surface modified using ion exchange procedures. 

With respect to the adsorbates, any adsorbate capable of being adsorbed by one or more 
of the modified carbonaceous materials of the present invention is contemplated to be within, 
the bounds of the present invention. Examples include, but are not limited to, polar species 
such as water, ammonia, mercaptans, sulfur dioxide, and hydrogen sulfide. By "polar species," 
it is understood that this is a species whose electronic structure is not symmetrical. This 
includes molecules that possess dipole moments, for example H 2 0 and NH 3 ; and/or molecules 
that possess quadruple moments, such as C0 2 and molecules that possess unsaturated pi 
bonds (B), such as alkenes, alkynes, and other organic and inorganic compounds with double 
and triple bonds. Non-polar species such as argon, oxygen, methane, and the like can also be 
adsorbed with the appropriate modified carbonaceous materials of the present invention. In 
view of the description provided in this application, those skilled in the art will be able to 
determine which organic groups need to be attached to the carbonaceous materials in order to 
achieve the most effective adsorption affinity or increase in adsorption, depending upon the 
adsorbate and the adsorption processes involved. 

By developing an adsorbent composition containing a modified carbonaceous material 
capable of adsorbing an adsorbate, selectivity for a particular adsorbate can be enhanced. 
Using the proper modified carbonaceous material, one can selectively adsorb particular species 
from a multicomponent mixture. In other words, modifying the carbonaceous material to 
create the adsorbent composition of the present invention can decrease adsorption affinity for 
one component in order to maximize the adsorption affinity of another component which will 
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maximize separation of the second component from the first component. Furthermore, by 
increasing adsorption of polar species, this further results in the relatively decreased adsorption 
of nonpolar species which improves selectivity. Further, the carbonaceous material can be 
modified in such a manner as to add a hydrophobic group to "disable" the oxygen 
functionalities on the surface of the carbonaceous material to increase the selectivity for the 
adsorption of nonpolar species. 

The adsorbate can be in a liquid phase or in the gaseous or vapor phase, depending 
upon the needs and desires of the user. Certain adsorbates can be more efficiently adsorbed 
from the vapor or gaseous phases than from the liquid phase or vice versa, and the modified 
carbonaceous materials of the present invention are effective in adsorption from either phase. 

One advantage of the present invention is to modify the surface of an activated carbon 
or carbon black adsorbent extensively, without damaging the structure or making the adsorbent 
more friable. For instance, a carbonaceous material can be surface modified based on the 
present invention with exchangeable sodium cations attached to the surface. This is very 
useful from the point of view of substituting different ions to alter the chemistry of the 
surface. 

The beneficial effect of using the modified carbonaceous materials of the present 
invention for the purpose of adsorption can be demonstrated by comparing the adsorption 
isotherms of an adsorbate on an unmodified carbonaceous adsorbent and the same 
carbonaceous adsorbent modified in accordance with the present invention. 

The present invention will be further clarified by the following examples, which are 
intended to be purely exemplary of the present invention. 

EXAMPLES 

The effectiveness of the surface modification of exemplary carbonaceous material was 

determined by comparing the adsorption isotherms of various adsorbates on the unmodified 
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carbonaceous materials, with adsorption isotherms on the carbonaceous materials modified in 
accordance with the present invention. Adsorbates used were water and CO,, but other 
adsorbates couid also be used. 
Example 1 

Pellets of Black Pearls7 430 carbon black and Darco S51 activated carbon from Norn 
were surface-modified using the following procedure: 

Surface modification of Black P^rls7 430 Parhnn n^y. 

A dispersion of 5 ml of water dilutable phenol-formaldehyde thermosetting res.n 
(Schenectady International, Schenectady, NY) in 50 mL of water wa, mixed with 50 g of 
Black Pearlsv 430 carbon black (available from Cabot Corp., Boston, MA). The mixture was 
pressed in 1 g portions using a 0.25 inch stainless steel die at a pressure of 5000 psi. The 
pellets were heated under flowing argon at 1 10°C for one hour and at 135°C for one hour to 
cure the res.n. The temperature was then raised under flowing argon at 20°C/min until a 
temperature of 650°C was reached. The temperature was then held at 650°C for three hours 
and cooled under flowing argon. The pellets were then crushed into pieces about 1 mm by 
2 mm. 



a 



'ater 



An aqueous solution of 0.81 g of sodium nitrite in about 1 g of water was added to 
mixture of 16.8 g of the carbon black granules, 2.04 g of sulfamic acid, and 50 g of war 
that was stimng at 84"C. After stirring for two hours, the resulting material was dried ,n an 
oven at 65°C. 

Surface modification o f activated carhmv 

An aqueous solution of 30.5 g of sodium nitrite ,n about 100 g of water was added to 
a boiling mixture of 130 g of DARCO S51 activated carbon (available from Norit), 76.5 g of 
sulfanilic acid, and 1300 g of water. After stirring for , 5 minutes, *e heating was 
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discontinued and the mixture was allowed to cool to room temperature with stirring. The 
resulting material was dried overnight in an oven at 50°C. 
Ion Exchange: 

The surface modified carbons were washed with a large amount of deionized water and 
dried. The material thus obtained was in the sodium form. Further modification of the carbon 
into potassium and lithium forms was carried out by ion exchange using 2M solutions of KOH 
and LiOH. respectively. The ion-exchanged material was washed thoroughly and dried. 
Adsorption experiments were carried out on the washed, dried materials. 

The surface areas of the unmodified and surface modified carbon materials are shown 
in Table 1 below. Surface areas were calculated from nitrogen (77 K) adsorption data using 
the BET formalism (S.J. Gregg and K.S.W. Sing, in Adsorption. Surfac e Area, and Pnr^itv - 
Academic Press, 1982). The adsorption experiments were carried out on an ASAP 2000 
automated instrument, manufactured by Micromeritics Corp. 



Table 1: Surface Are as and Pore Volumes of 
Unmodified and Surface Modified Materials 



Sample ID 


BET Surface 
Area, m 2 /g 


Pore Volume, 
cm 3 /g 


BP 430 pellets, unmodified 


99 


0.518 


BP 430, modified, washed 


92 


0.49 


Darco S51 


694 


0.809 


Darco S51, modified, washed 


141.3 


0.279 
_ 



While the activated carbon lost some surface area and pore volume after the surface 
modification treatment, both the carbon black and the activated carbon underwent 
in adsorption capacity per unit surface area as a result of the surface modification. The 
of any surface area and pore volume may be mitigated by pre-treating the carbonaceous 
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material with immiscible organic solvent, like heptane. The results from adsorption of water 
vapor at 298 K on the unmodified and modified material are shown in Figure 1 (carbon black) 
and Fl gure 2 (activated carbon). The water adsorption experiments were carried out by a 
batch technique that involved equilibrating the sample with water vapor at a constant relative 
humidity, in a sealed cell. The constant relative humidities were attained by us.ng saturated 
salt solutions, which have known relative humidities above their surface. 

Both the activated carbon and carbon black contained Na* ions on the surface after the 
surface modification was carried out. The Na* ions can be substituted by other ions using 
standard ion exchange procedures (e.g., see Ion Exchange by F. Helfferich, McGraw-Hill, 
1962). The water adsorption isotherms for the surface-modified material with Na~ ,ons on 
the surface, as well as the other ionic forms derived by ion exchange, are shown in Figures 1 
and 2. The adsorption isotherms show the quantity of water vapor adsorbed, per gram of 
adsorbent, as a function of the relative pressure of water vapor. Figures 3 and 4 show the 
same data normalized by the BET surface area of the materials. It is clear that the adsorption 
capacities per unit area of the carbon black, Black PearlsV 430 carbon black and the Darco 
S51 carbon black, are considerably enhanced by the surface modification described in this 
invention. In addition, the shape of the water adsorption isotherm is changed as a result of 
the surface modification (concave upward, to linear or convex upward). 

The surface modification technique of the present invention may affect the adsorpucn 
of gases like C0 3 as well, which possesses a quadruple movement. Figure 5 shows the 
adsorption isotherm of CC, from the gas phase at 273 K on the same unmodified and modified 
Black Peaxls7 430 carbon black. Adsorption of C0 2 was carried out on an ASAP 2000 
automated adsorption system manufactured by Micromeritics Corp. The figure shows the 
quantity of CO : adsorbed as a function of the C0 2 pressure. Clearly, the adsorption of C0 2 

is enhanced by the carbon surface modification technique described m this invention 
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Other embodiments of the present invention will be apparent to those skilled in the 
from consideration of the specification and practice of the invention disclosed herein. It is 
intended that the specification and examples be considered as exemplary only, with a true 
scope and spirit of the invention being indicated by the following claims. 
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WHAT IS CLAIMFD f£ 

1 . An adsorbent composition comprising a modified carbonaceous material capable 
of adsorbing an adsorbate wherein at least one organic group is attached to said modified 
carbonaceous material. 

2. The adsorbent composition of claim 1, wherein said organic group is 
(C 4 H 4 )-S0 3 -NV, (C 6 Hj-SCVLi\ or (C 6 H 4 )S0 3 "K\ 

3. The adsorbent composition of claim 1, wherein said organic group is 
p-C 6 H 4 S0 2 NH 2 or -C 6 H 4 NH 2 . 

4. The adsorbent composition of claim 1, wherein said organic group is 
hydrophilic. 

5. The adsorbent composition of claim 1, wherein said modified carbonaceous 
material is activated carbon or carbon black. 

6. A method to increase the adsorption capacity of a carbonaceous material capable 
of adsorbing an adsorbate comprising attaching to said carbonaceous material at least one 
organic group capable of increasing said adsorption capacity. 

7. The method of claim 6, wherein said carbonaceous material is activated carbon 
or carbon black. 

8. The method of claim 6, wherein said organic group is (C 6 H 4 )-S0 3 Na*, 
(C 6 H 4 )-SCVLr, or (C 6 H«)S0 3 -K*. 

9. The method of claim 6, wherein said organic group is p-C 6 H 4 S0 2 NH 2 or 
-C 6 H 4 NH 2 . 

10. The method of claim 6, wherein said organic group is hydrophilic. 

11. The method of claim 6, wherein said adsorbate is polar. 

12. The method of claim 6, wherein said adsorbate is water, ammonia, carbon 
dioxide, sulfur dioxide, or hydrogen sulfide. 
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13. The method of claim 12, wherein said adsorbate is water. 



10 



14. The method of cl aim 6, wherein said adsorbate is non-polar. 

15. The method of claim 14, wherein said adsorbate is argon, oxygen, or methane. 

16. The method of claim 6, wherein said adsorbate is in the gas or vapor phase. 

17. The method of claim 6, wherein said adsorbate is in the liquid phase. 

18. A method to adsorb an adsorbate comprising contacting said adsorbate with a 
modified carbonaceous material capable of adsorbing said adsorbate wherein at least one 
organic group is attached to said modified carbonaceous material. 

19. The method of claim 18, wherein said modified carbonaceous material is 
activated carbon or carbon black. 

20. The method of claim 18, wherein said organic group is (C 6 H 4 )-S0 3 *Na + , 
(C 6 H 4 )-S0 3 -Li\ or (C 6 HJS0 3 -K\ 

21. The method of claim 18, wherein said organic group is p-C 6 H 4 S0 2 NH, or 
15 -C 6 H 4 NH 2 . 

22. The method of claim 18, wherein said organic group is hydrophilic. 

23. The method of claim 18, wherein said adsorbate is polar. 

24. The method of claim 18, wherein said adsorbate is water, ammonia, carbon 
dioxide, hydrogen sulfide, argon, oxygen, or methane. 

25. The method of claim 24, wherein said adsorbate is water. 

26. The adsorbent composition of claim 1, wherein said organic group contains an 
exchangeable ion. 

27. An ion exchange material comprising the adsorbent composition of claim 26. 
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